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Background
This research explores the universality of genetic varia-
tion in genes controlling wood formation across the
genus Eucalyptus.
Breeding and deploying Eucalypts for improved wood
quality is constrained by the delay before wood traits
can be measured reliably. Marker assisted selection
( M A S )o f f e r saw a yt om a k ee a r l i e rs e l e c t i o no fw o o d
properties, by selecting Single Nucleotide Polymorph-
isms (SNPs) in the DNA which can predict specific phe-
notypic traits (genotype-phenotype links). SNPs shared
between species (trans-specific SNPs) may have broad
application to multiple species. When the species are
more distantly related, ancient SNPs shared between
subgenera (trans-subgeneric SNPs) are likely to be of
adaptive importance and persist in separate lineages due
to balancing selection [1].
Sample and methods
The focal species of this investigation was Eucalyptus
pilularis of the subgenus Monocalyptus, one of the most
important species for solid wood production in Austra-
lia. As part of the development of suitable SNP markers
for E. pilularis, two other important species were
included for comparative purposes. The first comparison
was made with the closely related Eucalyptus pyrocarpa,
which grows in parapatry with E. pilularis and is distin-
guished by minor morphological characteristics includ-
ing a larger leaf and capsule size [2]. More distant
comparisons were made between both Monocalyptus
species and the alternate Symphyomyrtus subgenus,
represented by Eucalyptus globulus subspecies globulus.
DNA was pooled from 30 individuals representing the
natural geographical range of each of three species. A
total of 34 genes were amplified from each pool and
sequenced on an Illumina GAIIx. SNPs were identified
in individual species pools and classified as trans-specific
if they shared the same reference position in two or
more species.
The association study focused on E. pilularis and
utilized 561 destructively sampled trees from a nine-
year-old progeny trial established by Forests NSW at
Hannam Vale, near Port Macquarie in New South
Wales, Australia (Latitude 31°40’, Longitude 152°33).
This sample represented the genetic diversity of 284
open-pollinated families, collected across 37 prove-
nances that encompassed a large part of the natural dis-
tribution of this species. We tested 40 traits covering
growth, wood chemistry (lignin, cellulose, hemi-cellulose
complexes), and wood dimensional stability, strength
and stiffness [3]. Eight SNPs were genotyped in pectin
methylesterase 6 and 7 (PME6 and 7)u s i n gS e q u e n o m
iPLEX gold chemistry. Association testing was per-
formed using a General Linear Model (GLM) in TAS-
SEL where 1,000 permutations were applied. Kinship
between family members was a problem and was
addressed by the inclusion of a kinship matrix as covari-
ate data within the model. The large population size
used also allowed for validation of results in smaller
subsets of the population containing only single repre-
sentatives from each family. Previous studies have
reported no geographical population structure for the
provenances included in the breeding program [4].
Results and discussion
Among the three species 6,852 SNPs were identified in
total. Pairwise comparisons between species representa-
tive of divergent subgenera revealed that 20-23% of
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likely to have persisted in separate lineages for tens of
millions of years following the split of the Monocalyptus
and Symphyomyrtus subgenera and may be indicative of
adaptive variation maintained by “balancing selection”.
The primary signatures of balancing selection were sig-
nificantly higher proportions of trans-subgeneric SNPs
in exons and promoters, compared to introns and 3’
untranslated regions. Further analysis revealed that ten
of the 34 genes investigated were likely to be influenced
by balancing selection with a significantly higher propor-
tion of trans-subgeneric SNPs and high nucleotide
diversities.
PME6 and PME7 were two of the genes considered
likely to be influenced by balancing selection. Associa-
tion testing revealed several significant correlations
between SNPs in these genes and solid wood properties
of E. pilularis. PME6 was primarily associated with
shrinkage of drying timber. This is consistent with a
role for pectin as a hydrophilic polysaccharide, and pat-
terns of methyl-esterificati o na r ek n o w nt oa f f e c tt h e
water holding capacity of pectin gels. PME7 was primar-
ily associated with cellulose and pulp yield, and inversely
with lignin content. Selection of specific alleles in these
genes may enable identification of trees with superior
wood quality for breeding and deployment. For some
SNPs, the heterozygote was superior, indicating that
selection to fix one allele in the breeding population
would not be appropriate. In combination with haplo-
type blocks, a heterozygote advantage at one or more
PME7 loci may explain the absence of one homozygous
class at all SNPs investigated in this gene. Alternatively
the absent homozygous genotypes may be disadvantaged
during early life stages.
Conclusions
Using comparative genomics we provided direct DNA-
based evidence that many candidate genes for wood for-
mation are under balancing selection and therefore of
adaptive importance. Such knowledge of genetic varia-
tion maintained by balancing selection could be critical
to ensure that selection for alleles linked to desirable
phenotypes does not compromise the maintenance of
adaptability in the breeding population. This concept
needs to be tested, and our experiments provide a num-
ber of suitable markers which could provide the basis
for further investigation.
Each of these informative SNPs in both PME genes
could be used for MAS, subject to cost-benefit analysis.
Given the large number of trans-subgeneric SNPs iden-
tified in these genes, many informative SNPs are likely
to transfer to other species, facilitating the development
of SNP markers in other commercial species within the
diverse Eucalyptus genus.
Author details
1CRC for Forestry, Centre for Plant Conservation Genetics, Southern Cross
University, Lismore, New South Wales, 2480, Australia.
2Queensland Alliance
for Agriculture and Food Innovation, The University of Queensland Brisbane,
Queensland, 4072, Australia.
3CSIRO Ecosystem Sciences, Private Bag 12,
Hobart, Tasmania, 7001, Australia.
4South Australian Research and
Development Institute, Wine Innovation Central Building, Waite Research
Precinct, corner of Hartley Grove and Paratoo Road, Urrbrae, 5063, Australia.
5CRC for Forestry, Forest Molecular Biology and Genetics Group, The
University of Melbourne, Creswick, Victoria, 3363, Australia.
6Centre for Plant
Conservation Genetics, Southern Cross University, Lismore, New South Wales,
2480, Australia.
7Eucalyptus.biz Limited, Rosemead, Polesden Lane, Ripley,
Surrey, GU23 6DX, UK.
Published: 13 September 2011
References
1. Klein J, Sato A, Nagl S, O’hUigin C: Molecular Trans-species Polymorphism.
Annual Review of Ecology and Systematics 1998, 29(1):1-21.
2. Boland DJ, Brooker MIH, Chippendale GM, Hall N, Hyland BPM, Johnson RD,
Kleinig D, McDonald MW, Turner JD: Forest trees of Australia. Melbourne:
CSIRO Publishing;, 5 2006.
3. Raymond CA, Henson M, Pelletier M-C, Boyton S, Joe B, Thomas D, Smith H,
Vanclay J: Improving dimensional stability in plantation-grown Eucalyptus
pilularis and E. dunnii. Melbourne, Victoria: Forest and Wood Products
Australia, Project # 06.3017; 2008, 1-65.
4. Shepherd M, Sexton TR, Thomas D, Henson M, Henry RJ: Geographical and
historical determinants of microsatellite variation in Eucalyptus pilularis.
Canadian Journal of Forest Research 2010, 40(6):1051-1063.
doi:10.1186/1753-6561-5-S7-O9
Cite this article as: Sexton et al.: SNP discovery and association
mapping in Eucalyptus pilularis (blackbutt). BMC Proceedings 2011 5
(Suppl 7):O9.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Sexton et al. BMC Proceedings 2011, 5(Suppl 7):O9
http://www.biomedcentral.com/1753-6561/5/S7/O9
Page 2 of 2